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HIGHLIGHTS 


►  First  study  of  using  Au/Mn02— C  nanocomposite  as  the  anode  catalyst  for  direct  glucose  alkaline  fuel  cells  (DGAFCs). 

►  Higher  activity  than  Pt/C  and  Au/C  from  Au/Mn02— C  but  with  less  noble  metal. 

►  A  promising  approach  to  enhance  activity  of  glucose  oxidation  catalysts  with  lower  cost. 
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Gold  nanoparticles  supported  on  Mn02— carbon  nanocomposite  (Au/Mn02— C)  are  synthesised  as  the 
catalyst  for  the  anodic  oxidation  of  glucose  for  use  in  a  direct  glucose  alkaline  fuel  cell  (DGAFC).  Char¬ 
acterisation  of  the  catalyst  is  carried  out  using  physical  and  electrochemical  methods.  It  is  observed  that 
gold  nanoparticles  are  uniformly  dispersed  onto  the  Mn02-carbon  nanocomposite  support.  Cyclic  vol¬ 
tammetry  shows  that  the  prepared  Au/Mn02-carbon  catalysts  exhibit  higher  electro-catalytic  activity 
for  glucose  oxidation  than  that  of  commercial  Pt/C  and  Au/C  catalysts.  A  maximum  power  density,  at 
30  °C,  of  1.1  mW  cm-2  is  obtained  using  an  Au/Mn02— C  anode  catalyst  in  DGAFC,  which  is  higher  than 
that  of  the  commercial  Au/C  catalyst.  The  enhanced  activity  is  attributed  to  a  catalytic  effect  of  Mn02 
towards  glucose  oxidation.  Mn02— C  nanocomposite  is  a  promising  approach  for  reducing  noble  metal 
catalyst  loading  in  addition  to  improving  the  catalytic  activity  of  gold  catalyst  for  glucose  oxidation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Glucose  is  produced  in  abundance  from  both  naturally  occurring 
plants  and  industrial  processes.  Glucose  and  its  derivates  represent 
more  than  50%  of  the  weight  in  flora.  Wastewater  from  paper  and 
food  industries  can  contain  high  amounts  of  glucose.  The  energy 
density  of  glucose  on  complete  oxidation  to  C02  via  24-electron 
transfer  is  2.87  x  106  J  mol-1  [1,2].  Compared  to  alcohol  fuels,  such 
as  methanol  and  ethanol,  which  have  been  used  widely  in  direct 
oxidation  fuel  cells  (DOFCs),  glucose  is  nontoxic,  non-flammable, 
odourless  and  renewable.  These  properties  make  glucose  an 
attractive  fuel  for  various  applications,  particularly  for  portable 
electronic  devices  [3-5].  Despite  these  advantages,  fuel  cells  using 
glucose  are  still  far  from  achieving  practical  applications.  Poor 
glucose  oxidation  at  the  anode  is  one  of  the  major  challenges  in  the 
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development  of  direct  glucose  fuel  cells.  Enzymes,  such  as  glucose 
oxidase  [6]  and  glucose  dehydrogenase  [7]  are  efficient  catalysts  for 
glucose  oxidation,  and  have  been  used  to  develop  enzymatic 
glucose-air  fuel  cells.  A  maximum  power  density  of  1.45  mW  cm  2 
is  reported  [7].  However,  poor  enzyme  stability  which  results  in 
a  short  operating  life  time  of  such  system  is  a  major  limitation.  The 
high  cost  of  enzymes  under  current  production  conditions  makes 
the  system  uneconomic  to  scale  up  to  an  industrial  application. 

Direct  glucose  alkaline  fuel  cells  (DGAFCs)  that  directly  produce 
electricity  from  glucose  seem  a  potential  choice  for  broader  appli¬ 
cations.  However  glucose  is  a  very  stable  compound,  which  makes 
it  difficult  to  be  oxidised  electrochemically.  Studies  on  DGAFC  have 
been  reported  recently  [2,8,9].  Currently,  only  in  a  biological 
system,  the  complete  glucose  oxidation,  generating  twenty  four 
electrons,  can  be  achieved.  In  chemical  oxidation,  however,  glucose 
oxidation  will  mainly  go  through  a  process  generating  two  elec¬ 
trons  [2,10].  The  power  density  performance  of  DGAFCs,  is  much 
lower  than  that  of  alcohol  fuel  cells.  The  reported  power  densities 
are  around  two  orders  of  magnitude  lower  than  that  of  a  typical 
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proton  exchange  membrane  fuel  cell  (PEMFC).  The  highest  power 
density  reported  to  date  for  a  DGAFC  is  38  mW  cm-2  [8]  using  an 
anion  exchange  membrane  (AEM)  in  7.0  M  KOH  at  60  °C  with  pure 
oxygen  at  the  cathode.  Basu  and  Basu  report  a  maximum  power 
density  of  1.6  mW  cm-2  mg-1  Pt  with  Pt/Au  oxidation  catalyst 
under  relatively  mild  condition,  i.e.  ambient  temperature,  and 
aqueous  1  M  KOH  electrolyte  [11]. 

Generally  it  is  important  to  develop  low  cost  catalysts  with  high 
catalytic  activity  towards  glucose  oxidation.  Noble  metal  based 
catalyst,  such  as,  Pt  [2],  nanoporous  gold  (NPG)  [12,13],  bi-metallic 
catalysts  of  Pd-Pt  [14,15],  Ag-Au  [16-18],  Pt-Ru  [1],  Pt-Au 
[11,19,20],  Pt-Bi  [11]  and  Pd-Ni  [8],  as  well  as  Pt-Pd-Au  ternary 
catalysts  [20]  are  reported  for  glucose  oxidation  in  alkaline  media. 
Gold  and  some  binary  alloys  of  gold  are  promising  active  catalysts 
for  glucose  oxidation.  Manganese  oxide  (Mn02)  is  also  reported  as 
a  glucose  oxidation  catalyst  for  use  in  glucose  sensors  [21],  and 
exhibits  reasonable  activity  for  oxidation  of  other  carbohydrates, 
such  as  fructose  [22].  Improved  electrocatalytic  activity  for  glucose 
oxidation  is  obtained  with  an  Au  coated  Mn02  film  in  a  glucose 
sensor,  and  the  improvement  of  activity  is  attributed  to  catalytic 
effects  of  Mn02  and  gold  [23].  The  low  cost  of  Mn02  could  provide 
the  possibility  of  reducing  noble  metal  content  for  glucose  oxida¬ 
tion  catalysts. 

In  this  study,  the  synthesis  of  a  gold  nanoparticle  catalyst  sup¬ 
ported  on  a  manganese  oxide-carbon  nanocomposite  substrate 
(Au/Mn02— C)  is  reported  for  the  first  time  for  use  in  DGAFCs. 
Physical  characterisation  of  the  catalyst  is  conducted  using  scan¬ 
ning  electron  microscope  (SEM),  transmission  electron  microscope 
(TEM)  and  X-ray  diffraction  (XRD).  Electrocatalytic  activity  of  the 
catalyst  for  glucose  oxidation  is  examined  using  cyclic  voltammetry 
(CV)  and  in  fuel  cell  polarisations  in  alkaline  medium  at  30  °C. 

2.  Experimental 

2.1.  Preparation  of  Mn02~C  nanocomposite  support 

MnS04  (Sigma  Aldrich)  and  Vulcan  XC72  carbon  (Akzo  Nobel) 
are  employed  to  prepare  Mn02-C  catalyst  support.  100  ml  of  de¬ 
ionised  water  is  used  as  solvent  to  disperse  the  XC72  carbon 
(0.6  g)  and  MnS04  (0.12  g,  10  mmol)  at  90  °C  for  1  h,  0.16  g 
(10  mmol)  of  KMn04  (Sigma  Aldrich)  is  added  to  the  carbon— 
MnS04  mixture  for  a  further  1  h  to  carry  out  the  following  reac¬ 
tion  under  stirring: 

2KMn04+3MnS04+2H20— ►5Mn02+2H2S04  +  K2S04  (1) 

After  reaction,  the  mixture  is  centrifuged  for  3  min  at  5000  rpm 
to  separate  the  Mn02— C  particles  from  the  solvent.  The  Mn02— C 
particles  are  washed  with  de-ionised  water  and  then  with 
ethanol  to  minimise  impurities.  The  Mn02— C  particles  were  dried 
in  an  oven  at  100  °C  for  10  h  before  deposition  of  Au. 

2.2.  Preparation  of  Au/MnO, 2— C  catalyst 

Gold  nanoparticles  supported  on  Mn02-C  support  is  prepared  by 
impregnation  of  chloroauric  acid  (Sigma  Aldrich)  aqueous  solution 
with  Mn02— C  nanocomposite  followed  by  a  chemical  reduction 
with  sodium  borohydride  (NaBH4,  Sigma  Aldrich).  48  mg  of  Mn02— C 
is  ultrasonicated  in  50  ml  of  de-ionised  water  for  1  h  and  then  stirred 
for  a  further  2  h.  1.2  ml  of  1  wt%  chloroauric  acid  solution  was  added 
to  the  solution  under  stirring  for  10  min.  2  cm3  (ml)  of  0.1  M  NaBH4  in 
1  M  NaOH  solution  is  added  slowly  and  the  reaction  is  continued  for 
12  h  at  room  temperature.  After  the  reaction,  the  mixture  is  centri¬ 
fuged  and  the  particles  are  washed  thoroughly  and  dried  at  80  °C  for 
3  h.  The  Au  content  in  the  catalysts  is  20  wt%. 


2.3.  Physical  characterisation  of  Au/MnO 2— C  catalyst 

Scanning  electron  microscopy  (SEM,  JEM-100CX)  and  trans¬ 
mission  electron  microscopy  (TEM,  JEOL  S-520)  are  used  to  deter¬ 
mine  the  surface  morphology  and  the  particle  size  of  the  catalyst. 
X-ray  diffraction  (XRD)  is  carried  out  on  D/max-2200/PC  X-Ray 
Diffractometer  with  an  area  detector  using  a  Cu  Ka  radiation  source 
(A  =  1.54056  A)  to  study  the  crystal  structure  of  the  catalyst. 

2.4.  Electrochemical  characterisation  and  fuel  cell  tests 

Cyclic  voltammetry  (CV)  is  carried  out  with  Autolab  PGSTAT  302 
(Eco  Chemie,  the  Netherlands)  using  a  three-electrode  cell  with 
Autolab  Model  616  rotating  disk  electrode  (RDE).  A  platinum  foil  is 
used  as  the  counter  electrode,  and  an  Hg/HgO  (0.140  V  vs  NHE) 
electrode  is  used  as  the  reference  electrode,  respectively.  The 
potentials  reported  in  this  work  are  reported  against  the  Hg/HgO 
reference  electrode  unless  otherwise  stated.  The  working  electrode 
on  RDE  system  is  a  glassy  carbon  disk  (3  mm  o.d)  coated  with 
different  catalysts.  The  catalyst  ink  is  prepared  by  mixing  21.2  mg 
20  wt%  Au/Mn02— C  into  200  pi  water,  30  pi  5  wt%  Nation  solution 
(Sigma  Aldrich)  and  2.5  ml  ethanol  in  an  ultrasonic  water  bath  for 
40  min.  3  pi  of  the  catalyst  ink  is  pipetted  on  the  glassy  carbon 
electrode  to  give  a  loading  of  ca.  0.086  mg  cm-2.  0.5  M  glucose  in 
1  M  NaOH  aqueous  solution  is  used  for  glucose  oxidation 
measurements.  High-purity  N2  is  sparged  into  the  electrolyte 
during  the  experiments. 

The  fuel  cell  performance  was  evaluated  in  a  small  single  cell 
similar  to  that  reported  by  Basu  et  al.  [1,11,20].  The  anode  catalyst  is 
the  prepared  Au/Mn02— C,  and  the  cathode  catalyst  was  activated 
charcoal  (Qualigen  Fine  Chemicals).  The  area  of  each  electrode  is 
4  cm2.  The  cathode  is  a  self-breathing  passive  air  cathode.  The 
catalyst  loading  in  each  electrode  is  3  mg  cm-2.  No  membrane  is 
used.  The  catalyst  slurry  is  prepared  by  dispersing  the  required 
amount  of  catalyst  powder  in  a  few  drops  of  an  equal  volume 
mixture  of  5  wt%  Nation  solution  and  acetone  (0.1  ml  vol.  mixture 
per  mg  of  catalyst  powder)  for  30  min  using  an  ultrasonic  water 
bath.  Then  the  catalyst  slurry  is  coated  onto  carbon  paper  (Toray 
90T)  using  a  brush.  The  catalyst-coated  carbon  paper  is  dried  in  an 
oven  for  30  min  at  80  °C,  and  then  hot  pressed  onto  a  nickel  mesh  at 
80  °C  and  10  kg  cm-2  for  1  min.  The  composite  electrode  is  then  put 
in  the  oven  and  dried  for  another  30  min  at  80  °C.  PTFE  tape  is 
placed  on  the  surface  of  the  cathode  in  contact  with  air  to  prevent 
leakage  of  fuel-electrolyte  solution.  The  fuel  cell  used  a  0.3  M 
glucose  in  1  M  KOH  solution  as  the  fuel— electrolyte  mixture 
operated  at  30  °C. 

3.  Results  and  discussion 

Fig.  1  shows  the  SEM  and  TEM  images  of  Mn02— C  nano¬ 
composite  and  Au/Mn02— C  catalyst.  Needle  like  Mn02  nanowires 
are  observed  from  the  SEM  image  in  Fig.  1(a).  Carbon  nanoparticles 
are  dispersed  inside  the  Mn02  nanowire  structure  forming 
a  composite  support.  This  is  further  demonstrated  by  the  TEM 
image  in  Fig.  1(b).  The  diameter  of  the  Mn02  nanowires  is 
approximately  10  nm  as  seen  from  Fig.  1(b).  The  TEM  image  of  Au/ 
Mn02-C  catalyst  (Fig.  1(c))  shows  that  gold  nanoparticles  with 
diameters  in  the  range  of  4-8  nm  are  dispersed  onto  the  Mn02— C 
nanocomposite  support.  Fig.  1(d)  shows  the  particle  size  distribu¬ 
tion  of  Au  nanoparticles  on  the  Mn02-C  composite.  The  average 
particle  size  of  Au  nanoparticles  is  about  5.8  nm. 

The  crystal  structure  of  the  prepared  Mn02-C  catalyst  support 
and  the  Au/Mn02— C  catalyst  are  investigated  using  XRD  and  data 
are  shown  in  Fig.  2.  Both  XRD  patterns  show  a  peak  at  about 
26  =  26°  which  is  associated  with  the  carbon  support  (002). 
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Fig.  1.  (a)  SEM  micrograph  of  MnO 2/C,  (b)  TEM  micrographs  of  MnO 2/C,  (c)  TEM  of  Au/Mn02-C  and  (d)  particle  size  distribution  of  Au/Mn02-C. 


Reflection  peaks  of  Mn02  at  (220),  (310),  (400),  (211),  (301),  (411), 
(600)  indicate  that  the  Mn02  is  present  in  the  a-Mn02  phase,  with 
lattice  constants  of  a  =  9.794  A,  c  =  2.859  A;  which  are  in  agree¬ 
ment  with  the  standard  values  (JCPDS  44-0141,  a  =  9.784  A, 


20  (degrees) 


Fig.  2.  XRD  patterns  of  (a)  MnO 2/C  and  (b)  Au/Mn02-C. 


c  =  2.863  A)  [23].  The  peaks  of  Au  nanoparticles  occur  at  38.4°  (111 ), 
44.5°  (200),  64.8°  (220)  and  77.6°  (311),  which  also  agree  with  the 
standard  values  [24].  These  peaks  suggest  that  Au  nanoparticles 
have  a  face-centred  cubic  (fee)  structure  [24].  The  narrow  peaks 
from  the  XRD  scans  indicate  a  crystallised  structure  of  nano¬ 
composite  and  catalyst.  Using  the  Au(220)  peak  and  the  Debye- 
Scherrer  equation,  the  Au  nanoparticle  is  5.6  nm  in  size  [11], 
which  is  comparable  with  the  results  from  TEM  measurement. 

Electrocatalytic  properties  of  Mn02-C  and  Au/Mn02— C  for 
glucose  oxidation  are  investigated  in  0.5  M  glucose  and  1  M  NaOH 
aqueous  solution  by  cyclic  voltammetry.  Fig.  3(a)  shows  the  CV  of 
the  Mn02-C  support  in  the  absence  and  presence  of  0.5  M  glucose 
in  1  M  NaOH  solution.  Without  addition  of  glucose,  there  are  a  pair 
of  redox  peaks  (PI)  at  -0.20  V  (oxidation)  and  -0.48  V  (reduction) 
which  are  related  to  the  proton  insertion  process  between  Mn02 
and  MnOOH  [25].  In  the  presence  of  glucose,  another  oxidation 
peak  (P2)  is  observed  at  around  0.14  V,  which  is  probably  caused  by 
glucose  oxidation.  The  catalytic  effect  of  Mn02  towards  the  oxida¬ 
tion  of  glucose  is  probably  due  to  a  parallel  catalytic  reaction 
[22,23].  With  the  presence  of  glucose,  Mn02  acts  both  as  the 
catalyst  support  and  a  catalyst  for  glucose  oxidation.  As  soon  as 
Mn02  is  reduced  to  the  lower  valence  state  of  MnOOH,  by  glucose,  it 
is  electro-oxidised  back  to  Mn02  on  the  electrode  surface. 

Fig.  3(b)  compares  the  CVs  of  glucose  oxidation  performance  for 
the  prepared  Au/Mn02-C  (20  wt%),  commercial  Pt/C  (40  wt%, 
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Fig.  3.  Cyclic  voltammograms  of  (a)  Mn02/C  in  the  absence  and  presence  of  0.5  M 
glucose  in  1  M  NaOH  solution;  (b)  Au/Mn02-C,  commercial  Au/C  and  Pt/C  in  the 
presence  of  0.5  M  glucose  in  1  M  NaOH  solution.  Scan  rate:  50  mV  s_1,  room 
temperature. 

Johnson  Matthey)  and  Au/C  (40  wt%,  Arora  Matthey)  catalysts.  The 
average  particle  size  of  the  commercial  Pt/C  and  Au/C  catalysts  was 
about  4  nm  and  20  nm,  respectively.  Different  shapes  of  the  CVs  are 
obtained.  Three  clear  oxidation  peaks  Al,  A2  and  A3  are  visible  for 
glucose  oxidation  on  Pt/C  catalyst  which  are  in  agreement  with  the 
results  in  the  literature  [26].  The  peak  Al  is  due  to  chemisorptions 
and  dehydrogenation  of  glucose  at  low  potentials.  The  A2  peak 
appeared  at  the  OH-  adsorbed  catalyst  surface  is  a  result  of  direct 
glucose  oxidation  from  the  bulk  to  gluconolactone,  which  is  further 
hydrolysed  to  gluconate.  The  A3  peak  is  obtained  on  the  already 
oxidised  catalyst  surface  and  may  be  caused  by  oxidation  of 
adsorbed  residues.  With  the  Au/C  catalyst,  the  main  oxidation  peak 
is  found  at  0.1 -0.2  V.  In  the  backward  scan,  an  oxidation  peak  is 
observed  for  Au/C  at  -0.1-0  V,  which  is  associated  with  reduction 
of  the  oxidative  layer  of  gold,  as  described  by  Pasta  et  al.  [13].  For 
Au/Mn02— C,  two  strong  oxidation  peaks  are  observed  at  -0.3 
to  -0.2  V  and  0.3-0.4  V,  which  are  attributed  to  oxidation  of 
MnOOH  and  glucose,  respectively.  An  oxidation  peak  at  0.2  V  in  the 
backward  scan  is  related  to  oxidation  of  un-oxidised  glucose  from 
the  forward  scan.  Among  the  three  catalysts  studied,  the  highest 
glucose  oxidation  current  is  achieved  by  Au/Mn02— C  catalyst.  As 
the  gold  component  is  20  wt%  in  the  Au/Mn02— C  catalyst,  the 
actually  gold  loading  is  0.6  mg  cm-2  Au,  only  half  that  used  in  40  wt 
%  Pt/C  and  Au/C  catalysts.  This  implies  that  with  the  nanocomposite 
substrate  Mn02-C,  the  amount  of  noble  metal  catalyst  can  be 
largely  reduced  yet  achieving  higher  catalytic  activity. 

Fuel  cell  performance  with  Au/Mn02-C  and  Au/C  anode  cata¬ 
lysts,  and  activated  charcoal  as  cathode  catalyst,  are  compared  in 


— Au/Mn02-CV-I 


Current  density/mA  cm  2 

Fig.  4.  Polarisation  curves  for  fuel  cells  using  0.3  M  glucose  in  1  M  KOH  solution. 
Anode:  Au/Mn02-C  (20  wt%)  and  Au/C  (40  wt%)  catalysts,  cathode:  activated  charcoal, 
loading:  3  mg  cm-2,  temperature:  30  °C. 

Fig.  4.  The  open  circuit  voltages  (OCVs)  are  similar  for  both  systems: 
0.86  V  for  Au/Mn02— C  and  0.85  V  for  commercial  Au/C.  The 
maximum  power  density  of  the  fuel  cell  using  Au/MnC^-C  catalyst 
is  1.1  mW  cm-2  (specific  mass  activity  of  1.8  mW  cm-2  mg^1  Au)  at 
a  cell  voltage  of  0.4  V  and  a  current  density  of  2.5  mA  cm-2,  whereas 
that  of  the  commercial  Au/C  catalyst  is  0.86  mW  cm-2  at  0.3  V, 
(specific  mass  activity  of  0.72  mW  cm-2  mg-1  Au).  The  specific  mass 
activity  of  Au  using  the  Au/Mn02— C  catalyst  is  almost  twice  that 
achieved  with  the  commercial  catalyst.  The  fuel  cell  performance  is 
comparable  to  the  performance  reported  on  Pt/Au  catalyst  [11  ],  but 
with  a  lower  noble  metal  loading.  The  higher  power  output  with  the 
Au/Mn02-C  is  obtained  mainly  due  to  a  lower  activation  voltage  loss 
in  the  kinetic  region,  i.e.  from  0.86  V  to  0.70  V,  compared  with  that 
for  the  Au/C,  i.e.  0.85  V-0.60  V.  This  behaviour  agrees  with  the  CV 
study;  further  proving  that  improved  catalytic  activity  is  achieved 
with  the  gold  nanoparticles  supported  on  the  Mn02— C  nano¬ 
composite.  Mn02  nanowire  is  a  key  factor  for  improving  activity.  In 
future  studies  optimising  the  MnC^  structure  and  composition  of 
Mn02-carbon  can  be  used  to  further  enhance  the  catalytic  activity 
and  reduce  the  noble  metal  loading.  The  fuel  cell  power  output  may 
be  enhanced  by  applying  anion  exchange  membrane  electrode 
system  and  more  active  cathode  catalysts. 

4.  Conclusions 

Au/Mn02-carbon  catalyst  has  been  synthesised  for  direct 
glucose  alkaline  fuel  cells.  Improved  electrochemical  catalytic 
activity  for  glucose  oxidation  is  achieved  with  gold  nanoparticles 
supported  on  MnC^— C  nanocomposite.  The  improved  activity  is 
due  to  a  parallel  catalytic  effect  from  Mn02.  The  maximum  power 
density  of  the  fuel  cell  at  30  °C  with  a  passive  air  cathode  using  Au/ 
Mn02-C  catalyst  is  1.1  mW  cm-2.  This  power  density  is  higher  than 
that  of  the  commercial  Au/C  catalyst  with  half  of  the  gold  loading. 
Mn02-C  nanocomposite  demonstrates  a  promising  approach  for 
reducing  noble  metal  loading  and  improving  the  catalytic  activity 
of  gold  catalyst  for  glucose  oxidation.  Further  improvement  of  the 
catalyst  activity  can  be  achieved  by  optimising  Mn02  structure  and 
composition  of  Mn02-C  nanocomposite. 
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